A living-donor (adult) kidney transplantation in young children requires an increased cardiac output to maintain adequate perfusion of the relatively large kidney. To achieve this, protocols commonly advise liberal fluid administration guided by high target central venous pressure. Such therapy may lead to good renal outcomes, but the risk of tissue edema is substantial.
| INTRODUC TI ON
Renal transplantation is the therapy of choice for children with endstage renal disease. Living-donor kidney transplantation (LDKT) has benefits including less acute rejection, better catch-up growth and higher quality of life. 1 Living-donor kidney transplantation in children implies an adult donor because children are not considered as living donors for ethical reasons. In small children, this leads to a large donor-recipient size mismatch. The normal blood flow to one adult kidney is approximately 0.5 L min −1 or 10% of the cardiac output (CO), whereas the CO of a 1-year-old child is approximately 2.5 L min −1 . 2 Therefore, kidney transplantation in a young child implies large hemodynamic changes to meet the "adult" flow and pressure requirements of the donor kidney. These changes are scarcely quantified in the literature. Increased aortic blood flow and CO have been reported, but the reported measuring techniques are ill-suited for routine use during surgery. 3, 4 It is uncertain how to guarantee sufficient blood flow through the transplanted kidney, as evidence-based guidelines do not exist. Hemodynamic therapy protocols commonly advise liberal fluid administration guided by high target central venous pressure (CVP) and arterial blood pressure (ABP). 5, 6 However, ABP and CVP are known to poorly reflect CO and organ blood flow or predict fluid responsiveness. 7 Therefore, such therapy may lead to good renal outcomes, but the risk of fluid overload is substantial. This is illustrated by the high incidence of pulmonary edema, prolonged ventilator support, and renal replacement therapy in these patients. 5, 6 In 2012, our center started a special program for LDKT in children under the age of four. Designing the protocol for perioperative hemodynamic support, we aimed at a physiology-based approach. The high target CVP advocated in literature was abandoned, aiming for less liberal fluid administration. This accords with many reports questioning the use of CVP as a reliable monitor of fluid status in adults. 8 Based upon our experience with advanced hemodynamic monitoring in children, we chose the transpulmonary thermodilution (TPTD) technique to measure CO as this technique has been validated and is designated as the gold standard in children. 9, 10 As this is the first report on TPTD-CO monitoring during LDKT with large donor-recipient size mismatch, our first goal was to evaluate the safety and feasibility of the technique and analyze the hemodynamic changes. The second goal was to evaluate whether this CO-guided hemodynamic therapy algorithm induced a reduction in intraoperative fluid administration compared with other reports, while achieving increased target CO and ABP with good renal outcome.
| MATERIAL S AND ME THODS

| Study design
All children with a bodyweight below 20 kg who underwent a LDKT between the start of the program in October 2012 and September 2016 were consecutively included in this prospective observational study. Two anesthesiologists dedicated to the program alternately provided the anesthetic care using a standardized anesthesia protocol and a hemodynamic therapy algorithm ( Figure 1 ).
| Intraoperative management
All patients underwent extensive pre-operative screening, including cardiac evaluation. The donor nephrectomies were laparoscopic procedures. Donor kidneys were inserted right-sided intra-abdominally through a transverse abdominal incision with vascular anastomoses on the aorta and inferior caval vein. All recipients were treated by the TWIST immunosuppressive protocol. 11 Anesthesia was induced with sevoflurane by face mask or intravenous thiopental (3-5 mg kg −1 ). After administration of intravenous rocuronium (0.5-1 mg kg −1 ) an endotracheal tube was placed and positive pressure ventilation started with a tidal volume of 6-8 mL kg −1 and positive end-expiratory pressure of 4-6 cm H 2 O. Anesthesia was maintained with sevoflurane (end-tidal concentration 2.0%-2.2%) in oxygen/air and intravenous sufentanil. Target end-expiratory partial pressure for CO 2 was 33-38 mm Hg. Cefuroxim was given • Cardiac output-guided hemodynamic therapy seems to lead to less liberal intra-operative administration of fluids in favor of norepinephrine while achieving good renal outcomes. before surgical incision as a prophylactic antibiotic. Mannitol 10% (0.5 L 1.73 m −2 ) was administered 10 minutes before reperfusion of the donor kidney. No diuretics were given.
| Hemodynamic instrumentation
A 22 G and a 4 Fr catheter were placed in a radial artery and the right internal jugular vein, respectively. When the dialysis catheter was already in place, this was used as the central venous catheter.
Heart rate (HR), ABP, and CVP were continuously monitored (Philips data monitor). A thermistor-tipped PiCCO-catheter (3 Fr, 7 cm) was inserted (ultrasound-guided) in the left femoral artery to measure TPTD-CO. This site was chosen as it was as far away as possible from the vascular anastomosis with all transplantations right sided. The catheter was connected to the PiCCO2 device. The device was connected to a laptop computer with PiCCOwin-software for storage of hemodynamic measurements and curves (Pulsion). The curves were reviewed for quality assessments to assure that they were technically correct.
| Data collected
Patients' demographic data, pretransplantation (co-)morbidities, estimated glomerular filtration rate (eGFR), presence of dialysis, and recipient-donor weight ratio were recorded. Also, duration of anesthesia, blood loss, vasoactive drug and fluid administration, time to first diuresis, time to creatinine nadir, time to PiCCO-catheter removal, duration of hospital stay, complications, and eGFR 6 months after transplantation were recorded. TPTD-CO measurements were performed at time points left to the discretion of the attending physician. However, three measurements were done at fixed moments in time and were used in our study. All measurements were done in a hemodynamically stable period. Stable conditions were defined as variance in hemodynamic variables of <10% and no change in fluids or vasopressor administration in the last 15 minutes. The first measurement was performed after induction of anesthesia, before surgical incision (t0), the second during surgery after reperfusion of the donor kidney (t1), and the third in the ICU just before removal of the PiCCO F I G U R E 1 Algorithm of perioperative hemodynamic therapy in pediatric kidney transplantation guided by blood pressure and cardiac output measurements. NaHCO 3 , sodium bicarbonate; MAP, Mean Arterial Pressure; CO, cardiac output; CI, Cardiac Index. Fluid responsiveness is defined as an increase in CO (or stroke volume) of >10%. *Consider using balanced solution (like lactated Ringers' solution) to prevent hyperchloremic acidosis catheter (t2). The PiCCO catheter was removed when vasoactive medication was no longer necessary to optimize hemodynamics.
At t0, t1, and t2 hemodynamic variables were recorded. CO was measured as the mean of three consecutive measurements with central venous injections of 10 mL iced saline 0.9%. To prevent calculation bias by the PiCCO software, only the TPTD measurements with absolute values of CO and extravascular lung water were used. Cardiac output was divided by the mean HR obtained during TPTD measurements to calculate stroke volume. Cardiac output and stroke volume were adjusted for body surface area, thus yielding CI, expressed as L min −1 m −2 and stroke volume index (SVI), expressed as mL m −2 . Extravascular lung water was adjusted for body weight, yielding extravascular lung water index (EVLWI) expressed as mL kg −1 . Global end diastolic volume was not used and not studied because of lack of validation in children. EVLWI was not used to guide therapy but was studied with regard to individual changes as a marker of pulmonary edema.
| Hemodynamic therapy algorithm
Basic fluid requirements were calculated according to the 4-2-1rule of Holliday and Segar. Intravenous fluids, inotropic and vasopressor support were titrated according to the algorithm shown in Figure 1 to reach target CO and mean arterial pressure (MAP).
Crystalloids were chosen as primary fluids as semisynthetic colloids have been associated with adverse outcomes in adult renal transplantation. 12 Per protocol, albumin was considered as an alternative colloid.
Reference values for normal cardiac index (CI) in children show a wide range. 13 Patient's CI at t0 was therefore used as normal reference or baseline value. We aimed at a higher CI at t1 compared with baseline and of at least 3.5 L min −1 m −2 . This value was a pragmatic choice aiming at a higher than "normal" CI for optimal perfusion of the donor kidney. The target MAP >65 mm Hg was chosen as acceptable lower margin during anesthesia as all donors had normal ABP. Both targets were evaluated for their appropriateness by visually judging the perfusion of the donor kidney at the moment of reperfusion. If needed, target CI and MAP were adjusted to higher values. Only TPTD-CO measurements were used to guide therapy.
Although the PiCCO technology allows to continuously measure CO, using pulse contour analysis, this was not used because it is considered unreliable when frequent changes in hemodynamic support occur.
| Statistical analysis
Results for all variables are given as mean (SD) [minimum-maximum], unless stated otherwise.
A one-way analysis of variance (ANOVA) for repeated measurements was used to evaluate the null hypothesis that there is no difference among patients' mean values for hemodynamic physiological variables obtained at the three measuring points t0, t1 and t2. ANOVA used Greenhouse-Geisser correction for non-sphericity if needed. If the ANOVA revealed a difference between the values, post hoc analysis using Bonferroni multiple comparisons test was done. Student's t-test for paired data was used to compare CVP measurements.
A two-sample t-test for groups with unequal variances (Welch's test) was used to compare intraoperative fluids given to our last 10 patients with those reported in two recent papers on intraoperative management in pediatric kidney transplantation. 5, 6 Data were analyzed using GraphPad Prism V7.0d (GraphPad Software) and IBM SPSS Statistics V21.0. P < .05 was considered statistically significant.
| RE SULTS
Twelve patients entered the study. Table 1 shows key figures of their perioperative characteristics. 
| Patients' characteristics
| Hemodynamic values
All hemodynamic data could be collected on the three measuring points, except for CVP. CVP was measured in 10 patients at t0
and t1. Figure 3 shows the percentage changes between the three measuring points for the physiologically coupled variables HR, SVI, and CI.
Between pretransplantation (t0) and post-transplantation measuring points (t2) CI increased with a mean of 31% (95%CI = 15%-48%) and
HR with 22% (95%CI = 9%-34%). SVI increased between t0 and t1 with 18% (95%CI = 10%-26%), but did not show a statistically significant change between t0 and t2.
TA B L E 3 Values of hemodynamic variables obtained at three different time points: pre-transplantation (t0), post-reperfusion (t1) and in the intensive care unit, without hemodynamic support (t2) (n = 12) (2) , .008 (3) , .002 (4) , .154 (5) , .472 (6) , <.0001 (7) , >.999 (8) , .003 (9) , .001 (10) , .007 (11) and .0007 (12) . c CVP was obtained in 10 patients at 2 times points; the difference between values for CVP was not statistically significant (Student's t-test for paired data: P = .76).
Absolute values Differences between absolute values (mean (SD) [minimum-maximum])
F I G U R E 3
Percentage changes between three measuring points for three physiologically coupled variables: HR, heart rate; SVI, stroke volume index and CI, cardiac index. An error bar represents one standard deviation (n = 12). The three y-axes have the same length of 75%. t0: after induction of anesthesia, before surgical incision; t1: after reperfusion of the donor kidney during a stable hemodynamic situation; t2: after cessation of hemodynamic support, at the intensive care unit None of the kidneys showed delayed graft failure or early graft rejection. Patient and graft survivals were both 100% at 6 months after kidney transplantation.
| Postoperative data
| D ISCUSS I ON
In this pilot study, TPTD appeared a feasible and safe technique to measure CO during LDKT with large donor-recipient size mismatch. This is also the first report to quantify CO changes in these patients using a method that was recognized as gold standard for children. 9, 10 After transplantation, cardiac index increased with 31% (95% CI = 15%-48%). An unambiguous answer to the question whether CO-guided hemodynamic therapy restricts intraoperative fluid administration was not found. Our results suggest that there was a trend toward less fluids given in favor of vasopressor use to achieve target ABP. Postoperative renal function was excellent.
| Feasibility and safety
The TPTD-CO monitor has shown its feasibility, reliability and safety in pediatric intensive care for many years. 14 15 In our patients, no such problems were encountered despite a prolonged use in some of them. This might be explained by their relatively older age and the absence of sepsis or circulatory shock. Clearly, the benefits of a CO monitor using an indwelling arterial catheter should always be weighed against its risks.
| Physiology
Hemodynamic changes after reperfusion of the donor kidney reflect those occurring after suddenly opening a large arterio-venous shunt as described by Guyton and Sagawa in 1961. 16 In their model, opening this shunt resulted in a sudden reduction of the systemic vascular resistance, causing an increased CO and subsequent increase in venous return. These hemodynamic changes occur also after creating an arterio-venous-fistula in adults. 17 The resultant initial decrease in ABP is counteracted by the baroreceptor reflex, increasing HR and systemic vascular resistance. When this reflex is suppressed, as during anesthesia, hypotension is likely to occur. Thus, both CO and the systemic vascular resistance must increase to maintain an adequate ABP.
Our results are concordant with this mechanism. We found a 31% increase in CI between t0 and t2, which is similar to reported values. 3 
| Hemodynamic therapy
| Pressure-guided
Considering the described mechanism, hemodynamic therapy guided only by ABP and CVP lacks physiological grounds. Although an adequate ABP is necessary to prevent acute kidney injury, ABP values alone only provide limited information on renal perfusion and oxygenation. 19 CVP is influenced by many factors and is known to be insufficient to predict fluid status. 7, 20 Studies in adults show that delayed graft function in kidney transplantation is related to postoperative ABP but not to CVP. 21 Moreover, higher CVP levels and fluid overload are associated with higher risks of acute kidney injury, renal replacement therapy, and mortality in critically ill children. 22, 23 In a retrospective analysis, postoperative renal replacement therapy was related to high volumes of intra-operative fluid administration related to body weight and a higher donor-recipient weight ratio. 5 This supports the idea that CVP-guided fluid administration may lead to tissue edema, especially in small children.
| Flow-guided
Optimal renal blood flow and pressure are of paramount importance to prevent hypoperfusion, delayed graft function, and subsequent loss of renal tissue. Especially in small children, it is a challenge to achieve this as both hypovolemia and excess fluids are detrimental for the renal microcirculation. It would be ideal if renal flow, pressure, and microcirculation could be estimated. Our algorithm uses second bests as CO (renal flow), MAP (renal perfusion pressure) and fluid responsiveness (volume status). With the currently available hemodynamic monitors fluid responsiveness is difficult to assess in children. 20 CO measurements also cannot directly estimate fluid responsiveness, but are able to exhibit the effects of fluid loading and vasopressor therapy on CO.
| Norepinephrine
In addition to fluids, we administered dobutamine and norepinephrine to support CO and ABP. Using dobutamine did not result in It is currently the drug of choice to prevent hypotension in septic shock without increasing the incidence of acute kidney injury. 24 In our patients, maximum doses were reached shortly after reperfusion and were only needed for a few hours and tapered down in the ICU after reduction in the level of sedation. Administration stopped before PiCCO-catheter removal. Our results suggest that CO-guided administration of norepinephrine can be used to achieve target ABP without negative effects on renal outcome.
| Fluids
As CVP and EVLWI did not increase despite fluid loading, we suggest that our hemodynamic strategy did not cause fluid overload.
Prolonged time to tracheal extubation can be a sign of pulmonary edema and fluid overload. In our study, the moment of extubation depended on many variables, including potential signs of fluid overload and the sedation protocol. The latter was optimized during the study, which gradually led to shorter time to extubation. Table 2 shows that the last five patients could be extubated on the day of transplantation.
To assess whether our strategy led to less intraoperative fluids, there were only two recent studies to compare our results with, although the cohorts differ in age, weight, and the allograft source. 5, 6 Compared with Michelet's study, 5 we gave 25% less crystalloids to the last 10 patients and no albumin. Our fluid amounts were similar to those found in Taylors study, 6 
| Alternative CO-monitoring
Although the TPTD-CO monitor uses a validated and reliable technique, it is invasive and requires experience. Echocardiography is less invasive and can supply the physician with useful information but has several limitations, such as technical problems during surgical procedures, operator dependency, and variability. Non-or minimally invasive CO monitors are easily applicable but also require experience while their reliability is questionable in young children and at best may be used as a trend monitor. 25 Apparently, there is increasing interest in advanced hemodynamic monitoring in pediatric kidney transplantation. Especially, esophageal doppler monitoring 26 seems to gain popularity in this field. Although it is still difficult to
show an unambiguous impact on outcome, monitoring the effect of fluids, and vasopressor support on CO makes sense as a cornerstone in hemodynamic management. Above all, the usefulness of any COmonitor depends on the operators' experience and knowledge of the technical reliability issues.
| Limitations
Our study did not use a control group without CO monitoring. The first 12 patients in our program served as a pilot cohort to test the feasibility and safety of our hemodynamic monitoring and therapy plan. As we considered CO-guided hemodynamic support as best clinical practice, we omitted a control group. Our cohort was small but consistent in age, weight, type of donor and short cold ischemia times. This consistency and the uniform hemodynamic protocol make our findings rather robust. Other studies show considerable variation in recipients' age and weight, donor characteristics and hemodynamic therapy, which makes comparisons difficult. Nevertheless, the small number of patients should let us refrain from very broad conclusions on safety and risk-benefit ratio.
In conclusion, a kidney transplantation with large donor-recipient size mismatch implies clinically significant hemodynamic changes, illustrated by a 31% increased CO. The TPTD-technique proved to be feasible and safe in this cohort. The results suggest that optimizing hemodynamics using a CO-guided hemodynamic therapy algorithm to titrate inotropes, vasopressors, and fluids may reduce intra-operative fluid administration compared with a CVP-guided approach, thus possibly preventing tissue edema. As this is a small cohort, further research is desirable focusing on the most efficient algorithm and outcome effects of CO-guided fluid therapy in these patients.
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